The paper discusses a simple specimen geometry to obtain the fibre/cement interfacial shear strength (IFSS). The specimens are easy to prepare and easy to test. The technique gives reliable and reproducible results. IFSS results for five different fibres with cement were measured. Most IFSS values obtained are in the range of 0.15 to 1.5 MPa. Despite the simplicity of the technique presented in this study, the results are in agreement with those obtained by several other researchers using different techniques and specimen geometry.
INTRODUCTION
The improvement of brittle materials, such as cementitious materials, which are weak in tension, by the incorporation of high-strength, small-diameter fibres has been long recognized [1] [2] [3] . Asbestos fibres have been used for about 100 years to improve mechanical properties of cement products, while cellulose, steel, polypropylene and glass fibres have been used more recently. In the recent past, a vast variety of natural and synthetic fibres have been studied as cement reinforcement [3] . The main objectives for including fibres in cement and concrete products are to improve their tensile, impact and flexural strengths. However, the addition of fibres to a cement matrix also has been shown to control the cracking and fracture modes, avoiding catastrophic fracture and thus improve its toughness [3] .
The ultimate properties of fibrous composites depend on several factors including the properties of the matrix and the fibres, fibre content, fibre length, shape and orientation, manufacturing conditions as well as the fibre/matrix interface characteristics. The final performance of fibre reinforced cementitious composites depends largely on the bond between the fibre and the matrix. Once the cracks are formed in the cement matrix, the fibre debonding and pull-out processes provide the energy absorption mechanisms, improving the overall toughness of the cementitious composite. If the interface bond is sufficiently strong the fibres may be able to actually stabilize the microcracks formed in the cement matrix and prevent catastrophic failure [4, 5] . Mechanisms contributing to fibre/matrix adhesion include chemical bonding, mechanical interlocking, fibre and cement surface energies and wettability and large specific surface area, which can occur in isolation or in combination to produce the bonding [6] .
In view of the critical role played by the interface in the overall properties of composite materials it is important to be able to determine the fibre/ matrix bond strength. Interfacial shear strength (IFSS) may be measured by direct or indirect testing methods [6, 7] . Direct IFSS measurement techniques include fibre pull-out, push-out, microbond or fragmentation techniques [6, 7] . Since these tests are performed on small specimens containing single fibres, rather than entire composites, these are termed as micromechanical tests. Among them, the fibre pull-out is one of the most accepted tests for determining the bond strength of fibres in cement [2, 4, 7, 8, 9] . A complete micromechanical analysis of pull-out tests can be found elsewhere [7, 10, 11] . Although several test configurations can be found in the literature, most of the tests are carried on rods, large diameter fibres or multifibre strands. To determine the glass fibre/cement bond strength De Vekey and Majumdar [12, 13] applied the pull-out test to glass rods of 0.5-1 mm diameter, while Oakley and Proctor [14] used strands instead of single filaments. Laws et al. [15] developed the so-called multiple fibre pullout test in which fibre strands were tested. Wang et al. [16] and Katz and Li [17] were, perhaps, the first to develop pull-out tests using single filaments of 10-20 mm diameter to measure the fibre/cement interfacial bond strength. However, they had to develop special apparatus to perform the pull-out tests. Interface strength of different synthetic fibres in cementious materials have been studied using direct tests or by determining the critical fibre length [18] [19] [20] .
This study is primarily intended to present a simple technique to prepare and test single fibre pull-out specimens. The IFSS results of five different fibres are also presented. The simple specimen geometry presented in this study allows direct testing of interfaces of small diameter fibres and gives consistent and reproducible results. The IFSS results have been compared with those obtained by other authors for similar material systems.
EXPERIMENTAL 2.1 Materials
Five different types of fibres were used in this study, namely: basalt, alkaline resistant AR glass (Vetrotex, CEM-FILÒ), ultra high strength polyethylene (UHSPE) (Allied Signal Corp., SpectraÒ 1000), polypropylene (PP) and aramid (DuPont, KevlarÒ 49). An ordinary Portland cement (OPC) was used as the matrix for the IFSS experiments.
Testing procedure
The single fibre pull-out test specimen geometry used in this study was a modified version based on the earlier studies on UHSPE fibres and epoxy resin [21] [22] [23] . The mould employed was made using three separate silicone rubber pieces, as shown in Fig. 1(a) . The two side pieces had slits cut up to half the depth (2.5 mm) of the cavity of the middle piece. The slits could be easily opened by bending the pieces to place the fibre. The three pieces were held together by a clamp and the fibre was placed in the slit, with a small amount of tension. The cement was mixed with water until a homogeneous mixture was obtained. The water to cement weight ratio was maintained at 1:2. The cement mixture was then poured into the central cavity of the middle part of the mould, allowing it to embed the length of fibre in the cavity. After curing for 24 hrs at room temperature and allowing the cement paste to harden, the mould assembly was transferred in to a water tank kept at room temperature. After ageing in water for 3 and 7 days, the mould assembly was removed from water, the two side pieces of the mould were taken away, releasing the fibre, as shown in Fig. 1(b) . One end of the fibre protruding from the cement matrix was cut. The single fibre pull-out test was carried out using an Instron tensile testing machine, model 1122, by pulling out the other end of the fibre. The schematic view of the single fibre pull-out test is shown in Fig. 2 . The pull out speed was maintained at 1 mm/min. The average IFSS, t, was calculated using the formula:
where F p is the pull-out force, d is the fibre diameter and l is the embedded fibre length. Fibre diameter was measured using optical microscopy and the embedded fibre length was measured using calipers. The embedded length was constant because of the fixed mould. A minimum of six specimens were tested for each experimental condition. 
RESULTS AND DISCUSSION
Typical load vs displacement plots for all five fibres analysed are presented in Fig. 3 . It can be seen that the load increases almost linearly until maximum load is reached, for all fibres except in the case of polypropylene fibres. It is understood that the debonding is complete at this point [21] . Beyond the maximum load point, the fibre starts to slip and the force indicates fibre/ cement friction. For AR glass and basalt fibres, which have very high transverse compression moduli and smooth surfaces, the load drops significantly after the maximum point, indicating low friction. However, aramid, UHSPE and PP fibres, which have significantly lower transverse compression moduli, presumable get compressed as the cement shrinks during curing. Aramid fibres are also known to fibrillate and flatten easily when compressed in transverse direction (24, 25) . As a result, these fibres show much higher frictional force. The equation used to calculate IFSS gives an average value and does not take into account the residual stresses created by the shrinkage of the cement. Zandarov et al. [26] have included an additional term to account for the residual stresses. Although results may be more accurate in cases such as cement, which undergoes shrinkage during curing, the technique requires IFSS tests to be conducted over a range of embedded lengths. Since the primary goal of this paper was to illustrate the technique, we have not done these measurements. However, the mould used in this study can be easily modified to change the embedded length by simply changing the length of the middle piece. The polypropylene/cement IFSS was found to be the lowest, around 0.14 MPa. We believe that this is the result of significantly lower modulus of these fibres compared to other four fibres used in this study. As the fibre pull-out load increases, the fibre with low modulus begins to stretch. This stretching reduces the fibre diameter at the point where the fibre enters the cement, creating local tensile stresses at the cement/cement interface, thus making it much easier to debond.
It can also be seen form Table 1 that the IFSS increased between 8 to 30% with ageing from 3 to 7 days. Cement shrinks as it cures and consolidates due to hydration. However, the most shrinkage observed in the case of cement is during its drying. The effect of ageing on IFSS in cementitious composites has been shown earlier by Chan and Li [18] . Their results using two different UHSPE fibres indicated that the bond strength increased rapidly within the first two days of ageing and reached an asymptotic value after about seven days of ageing. Page et al. [27] and Al Khalaf and Page [28] have also shown similar results for steel and cement combination. Laws et al. [15] , Shah et al. [29] and Li et al. [4] also found that the bond strength between AR glass fibres and cement increased with ageing for the first few days, reaching an asymptotic value. This, perhaps, may be attributed to the increasing compactness (shrinkage) of the cement with time, due to hydration.
CONCLUSIONS
A simple and reliable single fibre pull-out specimen geometry has been used to measure the IFSS between various fibres and cement. Despite the simplicity of the technique used, the results shown in this study agree with those obtained by several other researchers using different bond strength measuring techniques. The specimen geometry can be easily altered to test the IFSS at different embedded lengths and study the effect of cement shrinkage.
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